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Abstract

To examine the influence of HCl on SO, removal in the spray dry scrubbing process, preliminary experiments on the effect of adding
CaCl, to the lime slurry on SO, absorption efficiency were performed in a laboratory scale spray dryer. It was found that the SO, removal
efficiency is augmented at CaCl, concentrations up to 1.2 g/l in the lime slurry. This is ascribed to the influence of the prolonged drying
process. However, SO, absorption efficiency cannot be improved further at higher CaCl, concentrations. A simple estimation shows that
this cannot be ascribed solely to the influence of the drying behavior of the droplets and more complex explanations have to be found.
Subsequently, experiments on the simultaneous absorption of SO, and HCI were performed. It was found that the SO, removal efficiency
is enhanced at low HCl concentrations in the flue gas. This is ascribed to the formation of CaCl, in the droplets, resulting in a prolonged
drying process. After reaching a maximum, the SO, removal efficiency falls again at higher HCI concentrations. This can be explained
with the competing absorption process in which HCl is thermodynamically favored. © 2002 Published by Elsevier Science B.V.
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1. Introduction

In many incineration processes, especially in waste incin-
eration, the resulting flue gas contains acid components such
as sulfur dioxide (SO;) and hydrogen chloride (HCI) which
have to be removed to meet environmental standards. Spray
dry scrubbing is a commonly used process to achieve this.
A fine spray of lime slurry is dispersed concurrently into
the flue gas stream. The acid gas components absorb in the
droplets and react with the hydrated lime (Ca(OH)) to form
salts according to the following overall reaction equations:

S0,+Ca(OH), — CaSO;3 - $H,0 + 1H0 0
2HCI + Ca(OH), — CaCl, - 2H,0 )

At the same time the water evaporates from the droplets
and a dry, powdery product results. This is usually separated
from the cleaned flue gas by bag filters or electric precipita-
tors. The product consists of the reaction products and un-
reacted Ca(OH),. To obtain a high absorption efficiency, an
excess of Ca(OH); is required. Consequently the conversion
of Ca(OH); is incomplete.

The removal of SO, with spray dry absorption has been
extensively studied and modeled [1,2]. It was shown that the
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drying conditions greatly influence the absorption process.
The harsher the drying conditions, the less time is available
for absorption on the wet surface, the lower is the resulting
removal efficiency.

The removal of HCI and the simultaneous removal of
SO, and HCI has not been studied as extensively. Only few
references are to be found in literature [3,4]. For the simul-
taneous removal of SO, and HCI two competing effects can
be expected:

e While reaction of hydrated lime with sulfur dioxide
produces calcium sulfite hemihydrate (CaSOs3-1/2H,0)
(Eq. (1)), which has a very low solubility in water, the
reaction with HCl produces calcium chloride (CaCly),
a salt with a very high solubility. Consequently, CaCl,
lowers the vapor pressure of the water in the droplets
and thereby significantly prolongs the drying process,
enhancing the removal of SO5.

e Since the absorption of HCI on the droplets is thermody-
namically favored, it supersedes the absorption of SO, at
high HCI concentrations.

To examine the first phenomena, experiments were per-
formed in which CaCl, was added to the lime slurry, thus
simulating completed HCI1 absorption and reaction within
the droplet had already taken place. Subsequently experi-
ments on the simultaneous removal of SO, and HCIl were
performed.
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Nomenclature
C concentration (mol/m)
N molar flow (mol/s)
Pe’ Peclet number (-)
R droplet radius (m)
t time (s)
T temperature (°C)
U calcium hydroxide conversion (-)
y fraction (-)
Y load
Greek symbols
1) binary diffusion coefficient (-)
n removal efficiency (-)
A stoichiometric ratio (-)
v stoichiometric factor (—)
Subscripts
i component
in at spray dryer inlet
out at spray dryer outlet
oV overall
surf  droplet surface
sus suspension
0 initial value
Superscripts
~ molar
- average

lime slurry
H,0
= S
T

compressed air @

2. Experimental set-up

The experimental set-up is shown in Fig. 1. The ex-
periments are performed in a laboratory scale spray dryer
of 0.16 m diameter and 1.5m length. Heated ambient air,
steam and SO, and/or HCI gas streams are mixed in a
static mixer and introduced into the spray dryer as artificial
flue gas. The mass flow of ambient air is measured by an
orifice flow meter and was kept constant at 16 m3/h. The
HCI and SO, gas streams are each controlled by mass flow
controllers. The artificial flue gas is evenly distributed over
the spray dryer by a perforated plate at the inlet. The lime
slurry is taken from a stirred tank and fed by a peristaltic
pump into the two fluid nozzle where it is atomized by com-
pressed air. At the outlet of the spray dry scrubber the dry
product is separated from the gas stream by a cyclone. The
temperatures at the inlet and outlet of the spray dryer are de-
termined with thermocouples. After leaving the measuring
section the gas is cleaned by a wet scrubber to remove any
remaining acid gas components. The process parameters
used in this work are given in Table 1. The SO,, HCI and
H,O concentrations are measured by an infrared photome-
ter (MCS100 HW, Perkin Elmer) at the inlet of the spray
dryer and at the outlet, after the cyclone. Measurements
were only taken at steady state. During an experimental run
only the concentration of SO, was varied while all other
process parameters were kept constant. This was done in
order not do disturb the drying conditions within the spray
dryer.

condensate

dry product

gas conditioning section

spray dryer

wet scrubber

Fig. 1. Experimental set-up.
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Table 1

Process parameters

Flue gas
Mass flow of dry air (kg/s) 5.6x 1073
Inlet temperature (°C) 200-250
HCI concentration (ppm) 0-2000
SO, concentration (ppm) 0-2000
Water vapor mole fraction (-) 0.10

Lime slurry
Mass flow (kg/s) 8.3 x 107°-25 x 1073
Lime weight fraction (-) 0.025-0.15
Initial CaCl, weight fraction (-) 0-0.03

Spray nozzle

Mass flow of dry air (kg/s) 4.0 x 10~

3. Results and discussion
3.1. Definitions

The experimental results are discussed in terms of stoi-
chiometric ratio and absorption efficiency. The absorption
efficiency is defined as the ratio of the mole flux of acid gas
component removed in the spray dryer to the mole flux of
the component at the inlet of the spray dryer
m = Nl,m 1,0out (3)

Niin
The stoichiometric ratio can be defined with respect to one
acid gas component as the ratio of calcium hydroxide mole
flux to the mole flux of the acid gas component multiplied
with the stoichiometric factor:

_ Neaomyy,in

A
ViNVi in

4)
In accordance with Egs. (1) and (2) the stoichiometric factors
for SO, and HCI are 1 and 0.5, respectively. The overall
stoichiometric ratio is defined as the ratio of the mole flux
of calcium hydroxide to the total stoichiometric equivalent
of acid gas components. This is a parameter of industrial
relevance and is defined as

NCa(OH)g,in
Nso,,in + 0.5Nucl,in

Aoy &)
The conversion efficiency of calcium hydroxide is defined
as the ratio of the mole flux of converted calcium hydroxide
to the mole flux at the inlet of the spray dryer and is related
to the stoichiometric ratio and removal efficiency as follows:

Nca(OH),,in — Nca(OH),, out

Uc, =
Ca(OH), NCa(OH)2~in
1HCI 7150,
_mcr msos (6)
AHCI A4S0,

3.2. The effect of CaCly on SO, removal

To examine the influence of CaCl; as the reaction product
of HCI absorption on SO, removal, CaCl, was added to the
lime slurry used in spray dry absorption.

Generally, additives to the lime slurry can influence the
absorption efficiency in several ways:

e By influencing the drying behavior of the droplets. This
pertains especially to hygroscopic additives like CaCl,
which prolong the drying process and therefore enhance
the absorption efficiency.

e By influencing the thermodynamic behavior of the reac-
tion components. In our case this could mean an altered
absorption of SO; or a change in the dissolution rate or
solubility of the Ca(OH); particles within the droplet.

e By increasing the alkalinity of the sorbent droplets. With
CaCl, as a neutral salt this is not the case.

e By changing the surface area of the dried particle. As
stated by Hill and Zank [2], the reaction of SO, with the
dried product is of negligible significance to the absorp-
tion efficiency within the spray dryer. Consequently, the
surface area of the dried product should have no influence
on the absorption efficiency.

The experimental results are shown in Fig. 2. The diag-
onal line on the left indicates the theoretical limit of total
Ca(OH); conversion. The results show that adding up to
1.2wt.% CaCl; to the lime slurry enhances the removal ef-
ficiency of SO, over the whole stoichiometric range. Above
1.2 wt.% however, no further improvement of the removal
efficiency can be achieved by adding more CaCl,. Simi-
lar results have been obtained by Wang [5]. These authors
examined the influence of several hygroscopic additives in
spray dryer flue gas desulfurization.

The enhancement of SO, removal at low initial CaCl,
concentrations can be attributed to the prolonged drying pro-
cess, which occurs as a result of the lowering of the water
activity in the droplet and consequently of the water vapor
pressure at the droplet surface. Furthermore, CaCl, slightly
enhances the absorption equilibrium of SO, in water [6].
However, this was only examined for CaCl, molalities up
to 0.5mol/kg. In our case, the concentration of CaCl; in
the droplet ranges up to saturation (about 14 mol/kgy, ¢ at
100 °C). The influence of CaCl, on Ca(OH); solubility or
dissolution rate has not yet been examined in literature.

However, it has been claimed that the presence of CaCl,
and Ca(OH); in the droplet leads to the formation of an alka-
line salt complex Ca(OH),-CaCl;-H,O with a weaker affin-
ity for water [5]. According to these authors this explains
the fact that SO, absorption cannot be further enhanced at
higher CaCl, concentrations.

In order to investigate how the initial CaCl, concentration
affects the overall drying rate of the droplets and therefore
the absorption of SO, a rough estimation was carried out: It
was examined, how fast the saturation concentration at the
droplet surface is reached during the drying process and the
loss of mass up to this point. Since drying after reaching
saturation on the surface is very slow, there should be an
initial concentration of CaCl, above which the overall dry-
ing time becomes independent of the initial concentration.
The concentration of the salt at the droplet surface can be
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Fig. 2. Influence of initial CaCl, concentration in the lime slurry on SO, removal efficiency. Process parameters: Ti, = 200°C, %yn,0 = 0.1,
Ysus,Ca(OH), = 10 wt. %.

estimated for the initial stage by the following equation [7]: By this, the time needed for the droplet surface to reach
saturation can be calculated and compared to a calculated

Ceach.suf = CCaCly.0 l <1 4 i) P / ‘§_IZ +1 @) drying time of the remaining droplet, the vapor pressure of
2 «/; which is lowered to the minimum. With this, the influence

of the initial concentration of CaCl, on the overall drying
time was estimated.

with the Peclet number
R(dR/dt
by — RU@R/dN

— ®) Fig. 3 shows the calculated overall drying time scaled
8caCly H,0 with the drying time for a droplet at saturation concentra-
Since only the initial stage of the drying process is of interest, tion with respect to the initial CaCl, concentration. This
the radius of the droplet and the shrinking velocity can be was calculated for the best case with respect to the assump-
averaged. tions (i.e. high average drying rate in the initial stage, slow

1,0
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1:dryingtime [_]
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Fig. 3. Estimation of drying time with respect to initial CaCl, concentration in the lime slurry.
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Fig. 4. Influence of HCI inlet concentration on SO, removal efficiency. Process parameters: T, = 225°C, %yn,0 = 0.1, ysus,caon), = 10 wt.%.

diffusion of CaCly). It can be seen that the overall dry-
ing rate becomes independent of the initial loading only for
YcaCl,,0 > 30wt.%. This is an order of magnitude higher
than the experimentally obtained value of 1.2 wt.% above
which no further improvement of SO, absorption could be
found. Therefore, the influence of the drying behavior of
the CaCl; loaded droplets on SO, absorption cannot, by it-
self, explain the limitation found for higher initial CaCl,
concentrations.

Skin formation and subsequent breakage of particles while
examining the drying of CaCl, droplets [8]. While this is of
no influence on the above estimation it may be an important
factor influencing the drying process.

3.3. Simultaneous absorption of SO, and HCI

Fig. 4 shows the experimental results for the simultane-
ous absorption of SO, and HCI. The removal efficiency for
SO; is depicted in relation to the HCI inlet concentration
with the stoichiometric ratio for SO; as parameter. This rep-
resentation gives an indication of what happens when HCl
is added to the flue gas while all other process parameters
remain constant. The marked points are interpolated from
experimental data with respect to the stoichiometric ratio
for SO;. The area shaded gray indicates the stoichiometric
range in which the process is operated industrially (e.g. in
waste incineration plants).
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Fig. 5. Influence of SO, inlet concentration on Ca(OH)> conversion. Process parameters: Ty = 225°C, %yH,0 = 0.1, ysus,caoH), = 10 wt.%.
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Fig. 6. Influence of SO, inlet concentration on HCI removal efficiency.

It can be seen, that at low stoichiometric ratios for SO,
i.e. for high SO, concentrations, increasing the HCI con-
centration has no influence on SO, absorption. At high
stoichiometric ratios for SO, an enhancement in SO, ab-
sorption is observed at low HCI concentrations. This can
be interpreted as the influence of the CaCl, formed by HCl
absorption.

The enhancement of 1so, for a high stoichiometric ratio of
SO; lies in the same order of magnitude as for the case where
CaCl, was added to the lime slurry. The two experiments
cannot be compared directly as the results were obtained at
different process parameters.

After reaching a maximum at a HCI inlet concentration
of about 750 ppm the removal efficiency falls steeply with
rising HCI concentration. This might be explained by taking
into account, that the absorption of HCI is thermodynami-
cally favored to the absorption of SO;. The diffusion paths
within the droplet for the sulfur components become longer
as the reaction partners are taken away by the chloride. Fur-
thermore, the dissociation reactions of the absorbed SO, are
strongly dependent on the pH value, which in turn is low-
ered at the droplet surface, if the droplet absorbs HCI.

At low stoichiometric ratios for SO, no influence of HCl
on SO; removal can be detected. A possible reason for this
could be a conversion limitation of the Ca(OH);, with respect
to SO, at high SO, concentrations. Fig. 5 shows Ca(OH);
conversion with respect to the SO inlet concentration. It can
be seen that the conversion of Ca(OH), is independent of
the SO, concentration at high SO, concentrations. Again, in
the diagram the range of industrial relevance is shaded gray.

The removal efficiency for HCI with respect to the SO,
inlet concentration is depicted in Fig. 6. It can be seen,
that HCI is removed much more efficiently than SO,. Only

80,,in

Process parameters: T'j, = 225°C, %yn,0 = 0.1, Ysus,caoH), = 10 Wt.%.

at very high SO, inlet concentrations, the HCI removal
efficiency is slightly lowered.

In [4], the authors present some experimental results for
the simultaneous absorption of SO, and HCl in the spray dry
scrubbing process. They do not, however, vary the ratio of
SO,/HCl in their experiments. The model proposed in their
paper does not take the influence of CaCl, into account.

4. Conclusions

Adding CaCl, to the lime slurry up to a mass fraction of
1.2 wt.%, enhances the SO, removal in spray dry absorption.
This can be ascribed to the influence of CaCl; in prolonging
the drying process. SO, absorption efficiency can, however,
not be further enhanced by adding more CaCl, to the lime
slurry. A rough estimation shows that the drying behavior of
the salt droplets cannot solely account for this phenomena.

At low HCI concentrations in the flue gas the SO;
absorption is enhanced, despite the fact that the net load
of the droplet with acid components is increased. This can
be ascribed to the influence of the CaCl, in the droplets
formed by HCI absorption which again leads to a prolonged
drying process.

At high HCI concentrations the SO, removal is lowered,
which is attributed to the fact that HC] absorption and dis-
sociation is thermodynamically favored in the competing
absorption and reaction process.

Future investigations will have to clarify, how the influ-
ence of HCI on SO, absorption depends on the process pa-
rameters, especially the drying conditions and a model will
have to be developed in order to investigate the influences
of the underlying processes.



J. Stein et al./Chemical Engineering Journal 86 (2002) 17-23 23

References [5] J. Wang, Environ. Technol. 17 (1996) 1047-1058.
[6] J. Krissmann, VDI Reihe, Vol. 3, No. 598, VDI-Verlag, Diisseldorf,
(1] EF. Hill, VDI Reihe, Vol. 3, No. 535, VDI-Verlag, Diisseldorf, 1997, 1999, 186 pp.
165 pp. [7] E.-U. Schliinder, Dissertation, Technische Hochschule Darmstadt,
[2] EF. Hill, J. Zank, Chem. Eng. Process. 39 (2000) 45-52. 1962, 192 pp. _ .
[3] A. Maezawa, H. SlllekO, T. SBHO, S. UChldEl, Chem. Eng Technol. [8] B. NOH, D. Wurz, S. Hartlg, J. Feller, VGB Kraftwerkstechnik 75
19 (1996) 550-552. (1995) 540-543.

[4] R. Kolluri, W.J. Hatcher, I.A. Jefcoat, Drying Technol. 9 (2) (1991)
367-382.



	The influence of HCl on SO2 absorption in the spray dry scrubbing process
	Introduction
	Experimental set-up
	Results and discussion
	Definitions
	The effect of CaCl2 on SO2 removal
	Simultaneous absorption of SO2 and HCl

	Conclusions
	References


